Micro Total Analysis System (µTAS) devices frequently need to deal with bioparticle suspensions in solution and separation of certain bio-particles is often desirable.
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MOTIVATION
Micro Total Analysis Systems (μ TAS) offer the advantage of low sample reagent volume, faster processing and low sample wastage, leading to low-cost efficient operation [Figeys et al., 2000; Vinet et al., 2002] . μ TAS systems frequently need to deal with biological fluids that are a complex mixture of proteins, minerals, electrolytes and cells etc. [Lin et al., 2000] , where separation of certain components from the rest is often desirable. Techniques such as crystallization and distillation have been widely applied [Melville et al., 1975] when separations of cells or fragments of cells from aqueous solutions or suspensions are required. These techniques become more complicated as the quantity to be separated becomes smaller.
Blood ( fig.1) , an analyte frequently used for various diagnoses, is a non-Newtonian fluid transporting oxygen, carbon dioxide, nutrients, salts, hormones, metabolites and various other components [Bitsch et al., 2002] to all parts of human body. The most important components from a rheological point of view are plasma and RBC. RBC takes up about 45% volume of whole blood and significantly impact the flow characteristics of blood.
PREVIOUS WORK
The process of separation of the cellular components of blood from the plasma is called Plasmapherisis [Siami et al., 2001] . This is routinely carried out for preparative, analytical and therapeutic purposes. There are a number of techniques in use for the separation of plasma from whole blood by physical means. Membrane separation and centrifugation have been the two most well known methods of blood-plasma separation over the last couple of decades [Dorn et al., 1978] . Other methods are separation by ultrasound [Cousins et al., 2000] , and separation by magnetic means [Richards et al., 1996; Kovacs et al., 1998; Svoboda et al., 2000] . In membrane separation, the filtration of blood to separate RBC from the rest of the blood is done by passing whole blood through a 'filter' having pores of sizes smaller than red blood cells. The continuous flow membrane filtration for therapeutic plasma exchange was first introduced by Soloman et al. [1978] .
Centrifugation involves subjecting a liquid suspension with particles of different weights and densities to a centrifugal acceleration. The components in the liquid are separated according to their specific body forces. Another technique to efficiently separate blood cells from plasma is to cause aggregation of blood cells by exposure of whole blood to an ultrasonic standing wave [Cousins et al., 2000] . These techniques might cause damage to the live RBC when it comes to point of care testing (POCT) labon-a-chip. Yang et al. [2005] have developed a technique of separating RBC from plasma in blood by controlling flow rate in micro-channels. Here the whole blood is sent through a micro-channel and the RBC's are collected through smaller diameter micro-channels, nearly 25% of the plasma is successfully separated from the whole blood. This technique is quite expensive and takes longer time for the separation. Jain et al. [2003] have demonstrated the separation of micro-spheres suspended in DI water by applying a series of high-pressure, short-duration pulses ( fig. 2 ) to the suspension solution in microchannels on a plastic device. About 60% of the fluid volume is successfully separated from particles.
Figure 2: Dynamic Pressure pulse
Han et al. [2005] have used the same technique and implemented it on whole blood, and are able to obtain 20% of plasma free from RBC, and separate cell / plasma from the whole blood in less than 7 seconds. This technique is considered to be one of the fastest plasma separations from human whole blood on a chip, suitable for POCT labon-a-chip. For better understanding of this new technique, a study on the effect of different parameters, like density of particles, viscosity of medium (Newtonian and non-Newtonian), and particle volume fraction is more than necessary. Considering the cost and the complications involved in the experimental methods, a numerical approach is very much desired. Patankar et al. [2001] have studied numerically on the equilibrium position for a particle in a Poiseuille flow of a shear-thinning viscous fluid like blood for different Reynolds numbers. Feng et al. [2003] have studied on the equilibrium position for a particle in a horizontal shear flow for a Newtonian fluid. Cho et al. [2005] have studied on the numerical simulation of fluid flow laden with a maximum of 5120 particles. They showed the distribution of particles in the channel, the effect of different volume fractions and ratios of channel height to particle diameter.
OBJECTIVE OF THE RESEARCH
The present work is unique as it deals with large concentrations of particles (particle number of the order of millions). The effect of non-Newtonian viscosity and the different particle concentrations are also considered in the present work. Carreau model [Cho et al., 1991 ] is adopted for the blood viscosity, and the two-way coupling between the particles and the fluid is also considered.
OUTLINE OF THESIS
The next chapter, chapter 2, discusses about the geometry used for the computations. Following that is the explanation of the formulation used to discretize the governing equations. The boundary conditions, the material properties are explained in detail. Finally the finite volume method and the techniques used for the pulsatile pressure are explained.
Chapter 3 describes the effect of pressure, particle density, particle size and particle concentration on the particle and fluid separation.
Chapter 4 gives the conclusion for this work. A brief summary of the research is given. Some suggestions for future work are mentioned.
CHAPTER 2

MATHEMATICAL FORMULATION
GEOMETRY & FORMULATION
A three-dimensional rectangular channel, having a fluid column, laden with particles, as schematically shown in Fig.3 , is considered. The 3D channel is 250 μ m in width, 100 μ m in height, and 50 cm long. A 500 nl of water (2 cm long) and a 350 nl of whole blood (1.5 cm long) are considered for the computations.
The computations consist of two major sub-models: Volume of Fluid model (VOF) dealing with the motion of the continuous phase (fluids with particles inside);
Discrete Phase model dealing with the suspended solid particles taking into account the action of external forces.
Volume of Fluid model (VOF):
The interface between the liquid and the gas phases is tracked using VOF method. The governing equations for the fluid are given by
where, the source terms,  F and s f F  , account for the forces due to surface tension and two-way coupling due to the presence of the suspended solid particles, respectively.
Here, '-' over the character signifies the vector quantity. Furthermore f  ,u , p, and μ 
Discrete Phase model: The motion of the suspended solid particles is given by Newton's second law. The following expression, accounts for the action of gravity, farfield pressure, drag, and lift.
Where m p , v, F g , F f-p , F d , and F L , denote the mass of the particle, velocity of the particle, force due to gravity, force due to far-field pressure, drag force and lift force, respectively. The action of gravity and the far field pressure is neglected as the channel is flat and is very long. Hence, the particle acceleration is given by
where C D is the coefficient of drag and is given by,
, the values of a1, a2, and a3 are taken from Morsi et al. [1972] and Re is the relative Reynolds number.
The momentum response time is given by [Crowe et al., 1997]    18
The peak Re in the present problem is found to be less than 5, and d  is found to be of the order of 10 -6 , which implies that the time taken by the discrete phase (particles)
to reach the continuous phase (medium) velocities is almost negligible.
BOUNDARY CONDITIONS
Specific boundary conditions are applied to complete the formulation of the problem. Flow Boundary Conditions are as follows:
1) No slip boundary condition is considered on the walls of the channel.
2) Pressure boundary condition is used for the inlet of the channel.
3) The boundary condition for outlet is given as atmospheric pressure. 
MATERIAL PROPERTIES
is viscosity as a function of shear rate, μ ∞= 0.0345, μ 0 = 0.56, λ =3.313 and n = 0.3568 are coefficients [Cho et al., 1991] . At very high shear rates, the viscosity of blood is nearly three to four times higher than that of water.
FINITE VOLUME METHOD
A finite volume method [FLUENT] is used to solve for the governing equations The effects of time dependent pressure pulse and magnitude as well as particle concentration on separation of bead in aqueous solution and RBC in blood are discussed. Figure 4 shows the qualitative images of the bead concentration at the rear, mid and the leading locations of the fluid column inside the micro-channel for water after 5, 10 and 15 pulses for a pressure magnitude of 5 psi. The concentration of beads at the rear end of the fluid column increases, whereas the concentration decreases at the front or leading end of the fluid column for increasing number of pulses. The interface motion is dynamic (dynamic contact angle) during the duration of pulse; hence, to accommodate the movement of the interface there is a gap between the beads and the interface. The pulse effect decreases as the number of pulses increase; thus a decreasing gap between the rear interface and the beads can be observed. Figure 5 shows the percentage of total particles in the fluid column along the flow direction in the medium, after 10, 20 and 30 pulses for a pressure magnitude of 5 psi.
The figure shows the result for both fluid mediums: water and blood, and the details are explained individually for each medium below.
Water: The bead volume fraction is 1% (total number of 132,000 particles), and the concentration (percentage of total number of beads in the fluid column in the axial direction) present initially inside the channel is constant and is about 0.022% (28 beads per 4.1μ m along the column) along the flow direction. The concentration increases at the rear end and decreases at the leading end, with increase in number of pulses applied to the fluid column. The increase in accumulation at the rear interface compared to the initial concentration is nearly 4 times greater after 30 pulses as shown in Fig. 5 . The drag [Jain et al., 2003] and the movement of the beads to the corners [Feng et al., 2003] cause the beads to lag the fluid, and the beads get accumulated at the rear end of the fluid column.
Blood: Carreau model [Cho et al., 1991] is used to account for the shear thinning non-Newtonian viscosity of whole blood. The concentration present initially inside the channel is constant and is about 0.0571% (~150 RBC per 8μ m along the column) along the flow direction. The increase in accumulation at the leading interface is twice when compared to the initial concentration after 30 pulses as shown in Fig. 5 . The RBC-RBC interaction is damped due to the high shear thinning property of the blood viscosity;
hence, RBC stay in the center and as the velocity in the center is much greater than the velocity at the walls, the RBC move to the front end resulting in accumulation at the leading interface. The accumulation at the leading interface for blood is just the opposite of what is seen for water. Particle location [Feng et al,2003] Figure 6: Bead concentration along the width of the channel in water, with a particle volume fraction of 1% and for a 5 psi pressure. Figure 6 shows the percentage of total beads in the water column along the width of the channel (±y-direction) after 10, 20 and 30 pulses for a pressure magnitude of 5 psi for water. The results discussed here are for 1% bead volume fraction. Initially, the concentration of beads present along the width of the channel is about 1.64%. Feng et al. [2003] have shown that in a horizontal shear flow, when the density ratio   f p   is about 1.05 for Re p less than 5, the equilibrium position for the beads is very near to the channel wall, i.e. y E (distance from the walls) is less than 0.6 times bead diameter. Figure   6 shows the results of Feng et al. [2003] and it is found that majority of the beads move near to the walls. Nearly 3% of the total beads are observed to be present at the corners after 5 pulses and the concentration near the walls decrease after 5 pulses. At the center a very low amount, 0.1% of the beads, are observed to be present after 5 pulses, and the percentage of the beads keep increasing to 1.1% after 30 pulse. The wall boundary layer thickness is of the order of bead diameter; hence, the beads get trapped inside the boundary layers and, as the velocity of the fluid is comparatively lower than the center, the beads accumulate at the rear end. The results shown in Fig. 7 are for the whole blood, where the RBC concentration is about 45%. The initial concentration present along the width of the channel is about 3.2%. Patankar et al. [2001] have showed that the equilibrium position for a particle in a Poiseuille flow of a shear thinning non-Newtonian fluid is greater than 4 d p for Re less than 5. In Fig. 7 , it can be seen that the majority of the RBC are in the center, which is in agreement with Patankar et al. [2001] . Number of pulses volume of liquid free from particles(%) 3 psi - Jain et al.[2003] 3 psi,Newtonian 5 psi,Newtonian 5psi - Han et al.[2004] 5psi, non-Newtonian 12% Figure 8 : Effect of pressure and the number of pulses on the bead separation in water and RBC separation in whole blood. Figure 8 shows the percentage volume of liquid free from beads inside the medium with variation of pulses. The validation of this numerical study is done for the experimental data for the water from Jain et al. [2003] . The maximum error between the numerical data and the experimental data is about 3.3% at 25 pulses. About 60% of the volume of fluid is separated from the beads after 30 pulses. A 12% increase in the bead separation is observed after 15 pulses for 5 psi pressure when compared to 3 psi pressure.
EFFECT OF PRESSURE
A pressure of 3 psi applied for 15 pulses gives the same separation as that of 5 psi applied for 11 pulses. Figure 9 shows the comparison for bio-particles with different densities: 1050, 1500 and 2000 kg/m 3 . A maximum of 63% separation is observed with a particle density of 2000 kg/m 3 . 45% increase in density leads to a 5.5% more separation for 15 pulses of 5psi pressure, and about 90% increase in the density resulted in 9% more separation.
EFFECT OF PARTICLE DENSITY
Hence, an increased separation can be achieved for denser bio-particles with a lower number of pulses for a fixed pressure. The effect of particle volume fraction is also discussed in Fig. 6 for both water and blood for 5 psi pressure. For the bead separation in water, the effect of 1%, 5% and 10% bead volume fraction is discussed. A 3.3% reduction is observed in the total volume free from beads after 30 pulses for a 10% bead volume fraction when compared to a 1% bead volume fraction. In the case of blood, the effect of RBC concentration of 1% (98% dilution), 25% (45% dilution) and 45% (whole blood) of RBC on the separation is discussed. A maximum of 45% of the total volume of liquid is observed to be free from RBC for the 98% diluted blood whereas a 30% of the total volume of liquid is observed to be free from RBC for the 45% diluted blood. The whole blood has about 45% RBC by volume and, because of this large volume fraction, the percentage of liquid volume that can be free from RBC is 20% less than that for 98% diluted blood, where the RBC volume fraction is 1%. A 20% of the total volume of liquid is observed to be free from RBC for the whole blood for 5 psi pressure. Figure 11 shows the percentage volume of liquid free from particles with variation of pulses for a Newtonian medium for 5 psi pressure and for different particle diameters, namely 1, 4.1 and 10  m. A maximum of 62% volume of liquid is observed to be free from particles for with a particle diameter of 10  m. An increase in particle size from 4.1 to 10  m resulted in a 3.4% increase in the total volume of liquid free from particles for a fixed pressure and pulses. A 11.4% reduction in the total volume of liquid free from particles is observed when the particle size is 1 m, whereas a 8.5% increase in the total volume of liquid free from particles was observed when the particle size is 10 m, for 5 pulses.
EFFECT OF PARTICLE SIZE
CHAPTER 4 CONCLUSIONS
SUMMARY:
The reasoning behind the RBC separation in blood and bead separation in water is discussed. The effect of particle concentration on bead separation in water and the effect of dilution on RBC separation in blood are discussed. From equation 7, it is observed that the reason for the bead separation in water is not only drag, but also due to the movement towards the walls as can be seen in Fig. 4 . The cause behind the RBC separation from plasma is the restriction of RBC movement from the center to the wall as can be seen in Fig 5. For a given pressure, increasing the number of pressure pulses provides more separation. For higher input pressures, the maximum separation is achieved with a lower number of pulses, as compared to that for lower applied pressure.
For a low number of applied pulses, the inlet pressure has a significant impact. However, for a very large number of pulses, the separation is essentially independent of pressure; thus maximum separation can also be achieved even at low pressure but requires more time. A desired dynamic pressure characteristic can be applied by optimizing the inlet pressure and number of pulses to achieve maximum possible separation in a relatively short time. The larger the particle density and size the higher and faster is the bead separation in water for a given pressure and pulses. For a given pressure, the lesser the particle concentration the higher and faster is the bead separation in water. Under similar scenario, increasing the dilution of blood can significantly cause increase in the amount of plasma free from RBC.
FUTURE WORK
Further, the above technique can be used for particle-particle separations in fluid suspensions for a POCT lab-on-a-chip. The application of pressure and the pulses can be effectively optimized to obtain the particle-particle separation based on their difference in the particle density and size.
